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ABSTRACT 
Fully developed two-dimensional incompre- 
ssible turbulent boundary lbvers in the 
presence of pressure gradient over moving 
wavy surfaces for the case of driven wall 
motion is studied numerically. The c m p u t  
ted solution indicates strong interaction 
between the unsteady wave-induced flow and 
the time averaged rean flow at a certajn 
discrete wavenumber for a given phase 
speed of the driven interface. Both favou- 
rable and adverse pressure gradient cases 
indicate skin friction reduction. However, 
f o r  the adverse pressure gradient case, 
the interaction becomes stroncer, tending 
to drastically reduce the s k i n  friction 
and in certain rases, converged results 
are not obtained for high wavenumbers 
irrespective of their amplitudes. However, 
the present approach indicates a possible 
management of viscous drag in a qualit- 
ative way. 
Viscous drag reduction for flight 
vehicle and underwater vehicle is of 
current interest. The present paper deals 
with studies on a possible management 
technique for  drag reduction for f u l l y  
developed incompressible turbulent f l o w  
under favourable and adverse pressure 
gradients. The underlying surface conside- 
red is a two-dimensional progressive wavy 
wall. I t  has been shown(1)that an unsteady 
wall oscillation can change the phase of 
the oscillatory pressure to create an 
equivalent thrust instead of pressure 
dra In a recent effort by Sengupta et 
al(ff, i t  was conjectured that  a compliant 
surface when externally driven modulates 
the pre-burst flow by providing a feed 
back pressure gradient comprising an 
excursion of favourable and adverse condi- 
t i o n s .  Following the idea of Benjaminl3). 
i t  was assumed that the presence of the 
wavy wall gives rise to organised oscilla- 
tory components of velocity and 
pressure. The equations describing the 
deviation of the flow field from the time 
m a n  were examined numerical ly to show the 
near-resonant interaction. 
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In a computational work, Kuhn et 
ai(4) have shown by  large eddy simulation 
for channel flow, the existence o f  a 
spectral peak in strealnwise velocity when 
the channel is driven externally in a 
sinusoidal form. Jang et a1 have also 
computed to show t h a t  turbulence scales 
and bursts are due to direct interaction 
between Orr-Somnerfeld mode and vertical 
vorticity mode. I n  the present s t u d y ,  
resonance is shown to occur by distortion 
of the mean flow b y  Orr-Somnerfeld mode. 
Experimentally also, similar effects have 
been observed and the details are given in 
the paper by Sengupta et a I ( 2 ) .  
The present study also indicates that 
when interaction takes place in a strong 
manner as in the case of flows with 
adverse pressure gradients, i t  is 
amplitude independent, t h u s  demanding a 
nonlinear analysis. However, a qualitative 
picture arises from these studies. 
2 .  GOVERNING EQUATIWS 
The various assumptions a n d  derivati- 
on of overning equations are given by 
Sengupi at1 . 
When the underlying surface executes 
unsteddy mot ion, the resulting velocity 
and pressure field can be trip l y  decor~lpos- 
ed into a time mean, a periodic component 
a n d  a random oscillation typical o f  
turbulent flow, a s  given below: 
where the first q u a n t i t y  on the rig h t  hand 
side is the time mean, the quantity with 
tilde denotes the periodic component a n d  
the last term denotes the random fluctuat- 
ion. The mean flow is governed b y  the 
time-averaged boundary layer equation 
In equa 
right hand s 
aming part 
( 2 )  
ion ( 2 ) .  the last term on the 
de indicates the steady-stre- 
of the wave-induced stress ~~ 
obtained from a solution of the’governing 
equations set up for the oscillatory 
quantities, a simplified representation of 
which is a s  follows. 
where the quantities with caret represent 
the phase independent amplitude of the 
oscillatory flow quantities. Here, the 
oscillatory flow is described in a . wave-following ( S , N )  coordinate system. 
The matrix a and the vector b are not 
oiily functions of the mean flow quantities 
but also depend on eddy viscosity and 
curvature terms associated with the coord- 
inate transformation. A detai!ed discussi- 
on on the closurc nodel is given by 
Sengupta et a 1 ( 2 ) .  
3 .  SOLUT ION P R O C m E  -
Equation ( 2 )  is solved first with the last 
term on the right hand side set to 
zero. This mean flow solution is used in 
equation ( 3 )  and solved f o r  disturbance 
quantities.-The disturbance quantities 
obtained are used to coriipute the wave 
induced stresses (the last term on the 
right hand side of equation ( 2 ) )  and once 
again the mean flow equation i s  solved. 
The solution obtained is again used to 
solve ( 3 )  and this procedure is repeated 
t i l l  the shear on the wall and inner layer 
converges to a prescribed limit of less 
than one percent change between successive 
iterations. The mean flow changes very 
rapidly near the wall for fully developed 
turbulent flow as compared to laminar f l o w  
and hence a large number of points are 
taken across the boundary layer, wlth the 
first point 0.00003 unlta away from the 
w e l l .  Dlsturbance flow equations are of 
the Orr-Somnerfeld type and because of 
their stiffness, orthonormal isat ions are 
resorted to. More details can be obtained 
from Sengupra( 1 ) .  
4 .  RESULTS AND DISCUSSION 
Computations have been carried out 
for flow over wavy surface f o r  which the 
amplitude of the wave is 125 wall 
units. Reynolds number based on current 
length is 6 . 9  million and the shape factor 
is 1 .35 .  The unit Reynolds number is 10 
million. Figure I shows a schematic of 
the flow configuration. 
Under a favourable pressure gradient. 
strong interactions begin to occur from 
the wave number of 96 onwards, as shown in 
Figure 2 where the skin friction of the 
wavy wall normalized with respect to that 
of an equivalent flat plate is shown 
plotted against the wavenumber. Results 
are shown for two phase speeds of c I 0 . 4  
U-and c = 0.9 U, The corresponding vari- 
ation of the wall pressure and the phase 
of the pressure are shown in Figures 3 and 
4 .  At c = 0 .4  U r n .  a 9 percent reduction 
in skin friction of the wavy wall is 
observed at K = 96 while at c = 0.9 L' , 
thzre is a 6 percent increase in the s E n  
iriction at K = 105. The magnitudes and 
phases of wall pressure (Figures 3 and 4 )  
do not indicate any large changes over the 
wavenumber range covered. Figure 5 shows 
the oscillatory shear normalised by mean 
shear for two phese speeds of 0 . 4  Urnand 
0 . 9  U,plotted against wavenumber. 
Under the adverse pressure gradient, 
the skin friction of the wavy wall shows a 
drastic reduction of I 2  percent at K = 68 
and a further reduction at K = 7 5  when the 
phase speed is 0 . 4  U, as shown in Figure 
6. However, just as with the favourable 
pressure gradient case, the magnitude and 
phase of the wall pressure do not show 
large changes (Figures 7 and 8 ) .  Oscilla- 
tory shear normalised by mean shear is 
plotted against wavenumber in Figure 9 for 
the adverse pressure gradient case. 
In the present study, as the external 
modes have real phase speed and wave- 
number, the depicted behaviour is indica- 
tive of interaction with lightly damped 
modes indicating drag reduction. For the 
favourable pressure gradient case, 3 wave- 
number of 105 and phase speed of 0.90& 
indicates the presence o f  stable mode 
i.e., an increase in skin friction. In 
Figure 10, normalised skin friction o f  the 
wavy wall is plotted against wavenumber 
after the first iteration thereby indica- 
ting the corresponding linearised value 
for very small ratio of amplitbde t o  wave- 
length (0.00026 Max.). The observation 
that the results show amplitude indepen- 
dence (Figure 10) suggests that the linea- 
risatiGn assumption limit of €/> = 0 .02  
which was earlier arrived at by the ratio 
of oscillatory shear to mean shear may not 
be appropriate in the present case of 
strongly interacting flows. A l s o .  from the 
Figures 5 & 9 one can see that the strong 
interaction i s  accompanied by increased 
oscillatory shear on the wall. 
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FIG. 1 A SCHEMATIC OF THE 
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FIG. 3 VARIATIO#  OF WALL PRESSURE 
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FIG. G VARIATION OF P H A S E  OF 
THE WALL PRESSURE WITH 
WAVENUMBER 
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FIG. 5 VARIATION OF OSCILLATORY 
SHEAR WITH WAVENUMBER. 
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FIG. 2 V A R I A T I O N  OF SKIN  FRICTION 
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FIG. 9 VARIATION OF OSCILLATORY 
SHEAR WITH WAVENUMBER. 
0 . 0 0 4 -  
0 c = 0.6 u, 
pw 8 
AOVERSE O 0  0 002 - PR GRADIENT 0 
O 0  
1.0 0 0 
4 I t gz C = 0.4 U 2 
t W  € = 0.oooR 




OO 20 4 0  60 80 100 
' 
WAVENUMBER, K f 0.9 
PR. GRAOIENT 
FIG. 7 VARIATION OF WALL PRESSURE 
WITH WAVENUMBER. 
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